Synthesis of ZnO nanocrystals by subsequent implantation of Zn and O species
We report the preparation of ZnO nanocrystals embedded in a SiO 2 matrix formed using sequential zinc and oxygen ion implantations. The optical absorption spectra and photoemission spectra of zinc implanted and zinc/oxygen coimplanted silica show that the first zinc implantation produces zinc clusters and that the subsequent oxygen implantation following the zinc implantation rearranges the distribution of zinc and oxygen ions at an atomic level. While thermal annealing of Zn only implanted silica leads to the formation of Zn nanocrystals, thermal annealing of zinc/oxygen coimplanted silica promotes the growth of ZnO nanocrystals. The absorption and photoluminescence spectra show that ZnO nanocrystals form in an amorphous SiO 2 matrix and that their systematic change as a function of annealing temperature corresponds to the typical correlation between the increase of particle size and a redshift in near-band-edge emission. Following the demonstration of blue-green lightemitting diodes ͑LEDs͒ and lasers using II-VI compounds, there has been intensive investigation of wide-band-gap II-VI compounds for optoelectric applications in both the visible and ultraviolet ͑UV͒ regions. Among several wideband-gap II-VI semiconductor materials of interest, ZnO has attracted tremendous attention due to its high exciton binding energy ͑60 meV͒, 1,2 as compared to 25 meV for GaN, and 20 meV for ZnSe. This large exciton binding energy of ZnO allows excitonic recombination and optically pumped laser oscillations even at room temperature.
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Semiconductor nanocrystals, having dimensions comparable to the Bohr exciton diameter, exhibit changes in optical luminescence spectra due to quantum confinement of excitons and the dielectric functional confinement. [4] [5] [6] The unique properties of semiconducting nanocrystals have motivated a number of studies on ZnO nanocrystals, which were manufactured using various synthesis methods. [7] [8] [9] However, one of the central problems of ZnO nanocrystals is that the desired UV band-gap luminescence is weak. [10] [11] [12] [13] One solution for enhancing the near-band-edge emission UV emission in ZnO nanocrystals is to encapsulate the nanocrystals with protective surface layers.
14 Ion implantation is an effective method to synthesize matrix embedded nanocrystals with controlled particle size, crystallographic orientation, lattice structure, and spatial density. 15, 16 In the present study, ion implantation was utilized to produce ZnO nanocrystals buried in a dielectric host material ͑amorphous SiO 2 ͒. Using sequential ion implantation of Zn and O, encapsulated ZnO nanocrystals were successfully prepared. These nanocrystals, with sizes comparable to the Bohr exciton diameter ͑3 nm͒, 17 exhibited a strong UV emission at room temperature and a behavior consistent with the quantum confinement effect. Optical grade amorphous silica ͑␣-SiO 2 ͒ substrates were implanted with 100 keV Zn + at doses of 1, 3, 5, and 10 ϫ 10 16 ions/ cm 2 . Subsequently, O + ions were implanted with an energy of 57 keV at doses of 1, 3, 5, and 10 ϫ 10 16 ions/ cm 2 into the same range as the Zn + ions in half of the Zn preimplanted substrates. All implantations were performed at room temperature. These two sets of samples ͑Zn only implanted substrates and Zn+ O sequentially implanted substrates͒ were annealed in either a vacuum or oxygen atmosphere at several temperatures ranging from 300 to 700°C.
The concentration profiles of implanted ions were measured before and after the thermal treatment by Rutherford backscattering spectroscopy ͑RBS͒. Optical absorption measurements of implanted silica were performed with a Cary 5E spectrophotometer at room temperature. The chemical state of Zn in the silica matrix was analyzed with the aid of x-ray photoemission spectroscopy ͑XPS͒ to verify the creation of ZnO particles using a PHI5600 ESCA System. The C 1s and Si 2p peaks were used to calibrate the binding energy of spectra. During XPS measurement, sputtering was performed to investigate the depth profiles of samples. The PL spectra of nanocrystals were measured by using the 266 nm line from a Nd-YAG laser and photomultiplier detector. Figure 1 shows the optical absorption curves for asimplanted and annealed silica with Zn doses of 1, 3, 5, and 10ϫ 10 16 ions/ cm 2 . With increasing Zn ion dose, the background of the spectra increased and the absorption spectra exhibited a peak. For the sample implanted with 10 ϫ 10 16 Zn/ cm 2 , an absorption peak was observed at 255 nm. As the annealing temperature of the as-implanted samples was increased, the absorption peak of the Zn implanted a͒ Author to whom correspondence should be addressed; electronic mail: jklee@lanl.gov samples exhibited a progressive blueshift in peak position and a decrease in peak width. Also, the annealing process decreased the background spectra above 300 nm, which increased during the Zn implantation process.
The optical absorption spectra for sequentially implanted and annealed silica with a Zn dose of 1 ϫ 10 17 ions/ cm 2 and O ion dose of 1 ϫ 10 17 ions/ cm 2 are shown in Fig. 2 . In contrast to the Zn only implantation, the sequential implantation of Zn and O resulted in the reduction of the 255 nm absorption peak and the appearance of a new band around 290 nm. While the absorption peak at 255 nm observed in the Zn only implanted silica showed a blueshift with increasing annealing temperature, the new band at 290 nm observed in sequentially implanted samples showed a redshift with increasing annealing temperature.
Photoemission spectra of Zn 3p for Zn only implanted/ annealed and Zn/ O sequentially implanted/annealed silica are shown in Fig. 3 . In Zn only implanted silica, the binding energy of the Zn 3p peak, at the depth of maximum Zn concentration ͑40 nm͒, was 1021 eV, the binding energy of metallic Zn, which reveals the formation of metallic Zn clusters after Zn only implantation and subsequent annealing. 18 However, when Zn and O were coimplanted and annealed, the binding energy of the Zn 3p peak was found to be 1023 eV, close to the binding energy of ZnO. This shift of the binding energy of the Zn 3p peak toward a higher value in Zn and O coimplanted silica indicates that the coimplanted O ions promoted the formation of ZnO crystals.
It is well known that the ion-irradiation damage that occurs in ion implanted silica creates defects and causes changes in its optical response. 19 However, the peaks of the optical absorption curve of Zn only implanted silica in the range of 210-260 nm cannot be fully explained by defect generation, for the subsequent O implantation removed the peaks observed in the absorption curves of Zn only implanted silica despite the further increase in irradiation damage caused by the second implantation. The increase in the intensity and sharpness of optical absorption peak after thermal annealing also indicates that the peak near 255 nm does not result from the irradiation damage, for thermal annealing promotes recovery of irradiation damage and decreases the absorption due to defects.
According to Chen et al., surface plasmon absorption was observed at 240 nm for Zn clusters, 20 which suggests that high-dose Zn implantation and subsequent annealing in this study formed Zn clusters instead of ZnO nanocrystals. The size of the Zn clusters from Zn only implantation was calculated using Mie scattering theory and the width of the absorption peaks. Using a refractive index of 1.5 and a dielectric constant of 4.9 for glass, Zn clusters were found to be 2.0 nm when Zn only implanted samples were annealed at 500°C. 21, 22 The redshift of the absorption peak position with annealing, can be explained by the overflow of conduction electrons from metal nanocrystals smaller than 10 nm. 23 After the subsequent O implantation into Zn preimplanted silica, the absorption peak observed at 250 nm, which is attributed to Zn clusters, disappears. This disappearance of an absorption peak warrants a detailed examination on the kinetics of nanocrystal growth during the sequential Zn and O implantation process. When metal clusters in the preimplanted layer are subsequently irradiated with different ions, the preexisting clusters are broken down and the second irradiation promotes the nucleation of new precipitates around the periphery of the preexisting clusters, which is called inverse Ostwald ripening. 24, 25 The literature on inverse Ostwald ripening suggests that the subsequent O implantation decomposed the preexisting Zn clusters, allowing for the nucleation of new ZnO nanocrystals. The optical absorption spectra observed for coimplanted samples are consistent with this suggestion that the subsequent O implantation destroyed the preexisting Zn clusters thus enhancing the formation of ZnO nanocrystals. While the optical absorption peak at 255 nm was observed for Zn only implanted samples, the Zn and O coimplanted and annealed silica exhibited an absorp- tion peak between 300 and 350 nm where the absorption of ZnO was observed. The presence of ZnO nanocrystals is also supported by the photoemission spectra shown in Fig. 3 . It shows a shift in the binding energy of the Zn 3p peak from the indicative of pure Zn ͑1021 eV͒ to that of ZnO ͑1023 eV͒. The shift in the binding energy demonstrates that Zn in only Zn implanted silica remains metallic zinc while Zn/ O coimplantation produces the ZnO phase. Moreover, the photoluminescence ͑PL͒ spectra of coimplanted samples shown in Fig. 4 support our assertion that the subsequent oxygen implantation reconstructed Zn clusters, leading to the formation of ZnO nanocrystals. While the PL spectrum of Zn only implanted silica did not show any PL peaks in the measured range, the PL spectra of annealed samples demonstrate the formation of ZnO. Each annealed sample exhibits a RT PL peak around 370 nm, which is consistent with the RT band gap of ZnO. 26 The intensity of this peak is observed to grow with increasing annealing temperature. This strong UV emission shows that the coimplantation of Zn and O ions in this study can result in near-band-edge emission luminescence which is stronger than the surface defect-related green emission by a factor of 5, contrary to previous observations for ZnO nanocrystals. 10, 11 This enhanced near-band-edge emission of sequentially implanted silica compared with green emission is attributed to the effective encapsulation and passivation of the ZnO nanocrystals surface by the silica matrix. Figure 4 also shows that there is a small redshift of the PL peak position from 365 to 375 nm with increased annealing temperature. This shift could be attributed to the near-band-edge emission of strongly confined nanocrystals whose diameter is comparable to the Bohr diameter. If it is the result of quantum confinement, 27 ,28 the size of ZnO nanocrystal is calculated to be between 2.2 and 3.0 nm, following the effective mass model for the energy gap. 29 However, it should be noted that the strain effect and Stoke's shift could also contribute to the change in PL spectra. Residual strain in ZnO nanocrystals from thermal stress and ion implantation is known to induce a complicated behavior in the luminescence of ZnO nanocrystals. 30 The Stokes' shift, defined as the energy difference between energy band gap and the peak of the emission spectrum also indicates that the localized states of excitons affected PL spectra of ZnO nanocrystals, which was more pronounced in low temperature annealed nanocrystals. 31 More investigation is in progress to find the correlation between nanocrystal size and luminescence properties using transmissional electron microscopy and low temperature PL. 
